I. INTRODUCTION
The hydraulic actuator, usually a cylinder, provides the motion of the load attached to the hydraulic system. A control valve meters the fluid into the actuator as a spool traverses within the valve body. The control valve is either a servo valve or a proportional valve. In hydraulic control applications, proportional valves offer various advantages over servo valves [1] . Proportional valves are much less expensive. They are more suitable for industrial environments because they are less prone to malfunction due to fluid contamination. In addition, since proportional valves do not contain sensitive, precision components, they are easier to handle and service. However, these advantages are offset by their nonlinear response characteristics. Since proportional valves have less precise manufacturing tolerances, they suffer from performance degradation. The larger tolerances on spool geometry result in response nonlinearities, especially in the vicinity of neutral spool position. Proportional valves lack the smooth flow properties of "critical center" valves, a condition closely approximated by servo valves at the expense of high machining cost. Small changes in spool geometry (in terms of lapping) may have large effects on the hydraulic system dynamics [1] . Especially, a closed-center spool (overlapped) of proportional valve, which usually provides the motion of the actuator in a PHS, may result in the steady state error because of its deadzones characteristics in flow gain [1] . Figure1 illustrates the characteristics of proportional valve. Classical PID controllers are very popular in industries because they can improve both the transient response and steady state error of the system at the same time. Although great efforts have been devoted to develop PID controller, PID controllers are not robust to the parameter variation to the plants being controlled. Moreover, it takes time for the automatically self tuned PID controllers to on line adapt themselves up to their final stable. Fuzzy control is robust to the system with variation of system dynamics and the system of model free or the system which precise information is not required. It has been successfully used in the complex illdefined process with better performance than that of a PID controller. Another important advance of fuzzy controller is a short rise time and a small overshoot. However, there are still difficulties in the design of fuzzy controller. One of the important problems involved with the design of fuzzy logic controller is the complexity of fuzzy controller. The complexity of fuzzy controller increases exponentially when the number of input variables increases. The hybrid of fuzzy and PID controllers takes advances of the nonlinear characteristics of the fuzzy controller and the accuracy near a set point which is guaranteed by the classical PID controller [2] , [3] , [4] .
Fuzzy precompensated PID controller [5] and fuzzy precompensated fuzzy (two-layered fuzzy logic) controller [6] applied to system with deadzones. Their scheme exhibits
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superior transient and steady state response compared to the conventional PID controller and fuzzy controller. Moreover, their scheme is easy to implement in practice, since an existing PID and fuzzy controllers can used in conjunction with the fuzzy precompensator without modification.
In this paper, precompensation of a hybrid fuzzy PID controller is proposed for controlling a PHS. The control scheme consists of a fuzzy logic-based precompensator followed by fuzzy controller and PID controller, which both controllers are parallel connected . The remainder of this paper is organized as follows : section II presents the characteristics of a fuzzy precompensated PID controller, section III presents the characteristics of a fuzzy precompensated fuzzy controller or two layered fuzzy logic controller, section IV presents precompensation of a hybrid fuzzy PID controller, section V describes the specification of a PHS, section VI discusses the experimental results, and section VII summarizes the contributions of the works.
II. FUZZY PRECOMPENSATED PID CONTROLLER
Since classical PID controllers are widely used in industrial applications, they exhibit poor performance when applied to the PHS containing unknown nonlinearities, such as deadzones, saturation, and hysteresis. In this section, we will describe a fuzzy logic-based precompensation design for PID controllers. Figure 2 illustrates the basic control structure. The scheme consists of a classical PID control structure together with fuzzy precompensator. The fuzzy precompensator uses the command input y m and the PHS output y p to generate a precompensated command signal y′ m , described by the following equations The equations governing the PID controller are as follows
A. Control Structure
The quantity e′(k) is the precompensated position error between the precompensated command input y′ m (k) and PHS output y p (k), and Δe′(k) is the change in the precompensated position error. The control u(k) is applied to the input of the PHS. The purpose of the fuzzy precompensator is to modify the command signal to compensate for the overshoots and undershoots present in the output response when the PHS has unknown nonlinearities.
For PID tuning in this paper, we set PID gains with ZieglerNichols method and trial-error method.
B. Fuzzy Precompensator
The purpose of the fuzzy precompensator is to modify the command signal to compensate for the overshoots and undershoots present in the output response when the PHS has unknown nonlinearities. An expert's experience and knowledge method is used to build a rule base and membership functions [4] . In our description, we think of e(k) and Δe(k) as inputs, and μ(k) as the output. The fuzzy states of the inputs and the output, all are chosen to be equal in number and use the same linguistic descriptors : NB = negative big, NM = negative medium, NS = negative small, ZO = zero, PS = positive small, PM = positive medium, and PB = positive big. (The fuzzy sets is shown in figure 3 .) The decision-making output can be obtained using a max-min fuzzy inference where the crisp output is calculated by the center of area (COA) method.
Using these fuzzy sets, the fuzzy rules can be designed. The designed rules are presented in Table I . To explain how these rules were obtained, consider for example the rules in Table I . Suppose that the command signal is a constant y m , the error e(k) is zero, and the change of error Δe(k) is a negative number.
This mean that the output y p (k) = y m -e(k) is increasing, i.e., heading in the direction of an overshoot. To compensate for this, we decrease the command signal. This corresponds to applying a correction term μ(k) that is negative. Hence, we get the rule "if error is zero and change of error is negative medium, then output a negative big correction term".
III. FUZZY PRECOMPENSATED FUZZY CONTROLLER
In this section we describe a fuzzy precompensated fuzzy controller or a two-layered fuzzy logic controller [6] . The aim is to eliminate the steady state error and improve the performance of the output response for control systems with deadzones.
A. Basic Control Structure
We now proceed to describe the proposed controller. First, define the variables y′ m (k) and e′(k) as follows : where μ(k) is a compensating term which is generated using a fuzzy logic scheme, which we will describe below. The proposed control scheme is shown in figure 4 . The controller consists of two "layers" : a fuzzy precompensator, and a usual fuzzy PD controller. Hence we refer to the scheme as a twolayered fuzzy logic controller [6] . The error e(k), and change of error Δe(k), are inputs to the precompensator. The output of the precompensator is μ(k).
The dynamics of overall system is then described by the following equations:
where K 1 is the feed forward gain.
B. First Layer : Fuzzy Precompensator
The first layer of the controller structure consists of a fuzzy precompensator, which is essentially identical to that described in Section II.
C. Second Layer : Fuzzy PD Controller
The second layer of the controller structure consists of a fuzzy PD controller, which the fuzzy states of the inputs and the output, all are chosen to be equal in number and use the same linguistic descriptors: NB = negative big, N = negative, Z = zero, P = positive, and PB = positive big. The fuzzy sets and its memberships function is shown in figure 5 . A set of fuzzy rules is shown in the Table II. Figure 6 . Precompensation of a hybrid fuzzy PID controller.
TABLE II FUZZY RULES OF A FUZZY PD CONTROLLER
Since the dynamics of each cylinder is not symmetric, due to the difference in the effective area of the rod side and the head side of the piston. The designed fuzzy set of the fuzzy controller accounts for this asymmetry as well.
IV. PRECOMPENSATION OF A HYBRID FUZZY PID CONTROLLER
Precompensation of a hybrid fuzzy PID controller, as shown in figure 6 , was developed to combine the advantages of both fuzzy precompensated PID controller and fuzzy precompensated fuzzy controller, which described in Section II and III. Figure 6 shows a switch between the fuzzy controller and the PID controller, where the position of the switch depends on the error between the actual value and set point value. If the error in PHS reaches a value higher than that of the threshold e 0 , the control system applies the fuzzy controller, which has a fast rise time and a small amount of overshoot, to the system in order to correct the position with respect to the set point. When the position is below the threshold e 0 or close to the set point, the control system shift switch to the PID controller, which has better accuracy near the set point.
V. DESCRIPTION OF EXPERIMENTAL EQUIPMENT
The specifications of a PHS are depicted in figure 7 and Table III respectively. Figure 7 shows a diagram of the tested system. The position control of a PHS procedure is described as follows : upon the intended initial and ending position of the piston (stroke) are given, the computer receives the feedback signal through DAQ card (A/D) from linear potentiometer, realizes various control algorithm and transmits a control signal through DAQ card (D/A) and amplifier card to proportional valve. The spool displacement of proportional valve is proportional to the input signal.
VI. THE EXPERIMENTAL RESULTS
The control algorithms described in section II, III, and IV were hybridized and applied to the PHS using LabVIEW by Nation Instruments as the development platform. In our experiments we compare the performance of conventional hybrid fuzzy PID controller to the proposed precompensation of a hybrid fuzzy PID controller. A testing of response of the system was performed using a square wave input. The parameter values of the precompensation of a hybrid fuzzy PID controller were experimentally determined to be : K 1 = 0.93, K P = 5.6, e 0 = 0.92. Figure 8 (a) and (b) shows the output response of a conventional hybrid fuzzy PID system compared to the precompensation of a hybrid fuzzy PID system. It is found that the settling time of the precompensation of a hybrid fuzzy PID control is shorter.
VII. CONCLUTIONS
The objective of this study, we proposed the precompensation of a hybrid fuzzy PID controller for a PHS with deadzones. The controller consists of a fuzzy precompensator followed by fuzzy controller and PID controller. The proposed scheme was tested experimentally and the results have superior transient and steady state performance, compared to a conventional hybrid fuzzy PID controller. An advantage of the present approach is that an existing hybrid fuzzy PID controller can be easily modified into the control structure by adding a fuzzy precompensator, without having to retune the internal variables of the existing hybrid fuzzy PID controller. 
